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Abstract

This study examines the extent to which sea level variations at periods less than a

year and spatial scales greater than 1000 km can be described by the wind-driven linear

barotropic vorticity dynamics. The TOPEX/POSEIDON  altimetric observations of sea

level and the wind products of the National Meteorological Center are used as the database

for the study. Each term of the linear bamtropic vorticity equation was evaluated by

averaging over regions of 10° x 10°. In most of the open ocean, the result of the analysis

suggests that the sea level variabilities at the scales considered cannot be fully described by

the equation; the apparent net vorticity change is more than what can be explained by the

local wind stress curl. In the few ~gions where the wind stress curl is strong enough to

balance the vorticity budge~ pmiominantly in the northeast PaeKlc and the southeast

Pacific, the balance is basically achieved in terms of the time-dependent topographic

Sverdrup relation -- the balance between the adveetion of the planetary vorticity plus the

topography-induced vorticity and the forcing by the wind stress curl.
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Introduction

The response of the ocean to time-varying wind forcing has been a subjxt of

numerous theoretical investigations (e.g., Veronis and Stommel, 1956; Phillips, 1966;

Philander, 1978; Willebmnd et al., 1980 Muller and Frankingnoul,  1981; Sarnelson, 1989;

Cummins, 1991). The description is often made in terms of the barotropic (depth-

independent) and the baroclinic (depth-dependent) modes. It is generally believed that the

response of the wean to wind foming at mid and high latitudes is primarily barotmpic

when the scale of the forcing is much larger than 100 km and the period of the foxing is

between the inertial period and about 300 days (Willebrand et al, 1980). In the quasi-

geostrophic limit the dynamics of the ocean’s response can be described to a large extent

by the linear barotropic vortkity equation:

a2 (h f alw a’qwl# ?l+p-—— ——-—— ) -L(VX(TII-J))Z
8X H i)xi)y i)yax ‘pg

(1)

where q is the sea level, H the ocean depth, I the wind stress, p the water density, g the

local gravitational eonstan~ f= 2 Q sin (latitude), Q the Earth’s rotation rate, ~ = df/dy.

On the left-hand side of the equation, the first term is the time rate of the change of the

dative  vorticity, expressed in terms of V% , the second term is the advection of the

planetary vorticity, and the third term is the advection of the vortieity induced by the bottom

topography. The right-hand side of the equation is the forcing by the wind stress curl. If

the wind stress and sea level is known everywhere, this equation can be used to evaluate

the barotropic response of the wean to wind forcing.

.
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A number of terms have been neglected in (l). The ratio of the neglwted nonlinear

advection of relative vorticity to the advection of planetary vorticity (the second term) is

given by a non-dimensional number defined as U/(~L2) (e.g., Rhines, 1977), which is

about 1/1000 for the case considered in the present paper. Another neglected term is the

vorticity generation by the stretching of the water column, proportional to (f2/gH) d~d~

which is about 1/100 of the planetary vorticity term based on a time scale of 10 days.

There is ample observational evidence for dbctl y wind-fomed ocean curnmts

(Koblinsky  and Niiler, 1982; Niiler and Koblinsky,  1985; Koblinsky et al. 1989; Brink,

1989; Sarnelson, 199@ Luther et al., 1990; Chave, 1992; Niiler et al., 1993). Coherence

of deep currents with both local and xemote wind forcing was documented and explained in

terms of the barotropic response of the ocean. However, there has been little observational

evidence for a pnxlominantly bamtropic response of the ocean to wind forcing in the open

ocean at spatial scales on the order of 1000 km and time scales shorter than seasonal, the

scales prescribed by Willebrand et al. (1980) for barotmpic XWponse. Are the oceanic

variabilities at those scales primarily forced by wind according to (1)? In the present study

we try to address this question by using the global sea level observations from the radar

altimeter abcwl the 10PEX/POSEIDON  satellite (Fu et al, 1994) to investigate the

relationship between the sea level and wind in the context of (1 ). The wind data are

primarily obtained from the National Metrological Center (NMC) model of the atmospheric

circulation. The wind data fkom the ERS-1 scatterometer are also used for comparison.

The Data and Procedures

Several satellite altimetm wem flown before TOPEX/POSEIDON, however, none

of them had sufficient measurement accuracies for detecting the large-scale weak signals

(generally less than 10 cm) in the sea level created by the barotropic ocean currents.
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TOPEX/POSEIDON is the first altirnetric  mission with adequate measurement accuracy to

study the large-scale global ocean dynamics. The first 550 days’ worth of the mission’s

data wem used in this study. The standard corrections recommended in Callahan (1994)

were applied to the altimeter@ including the inverted barometer correction (Fu and

Pihos, 1994). Additionally, an empirical tidal corrections (1%, Pihos, and Zlotnicki,

unpublished manuscrip~ 1994) wem applied to reduce the nxidual tidal errors after the

application of the tide model of CartWright and Ray (1990). This empirical correction

model is similar to that of Schrama and Ray (1994) with an esbmated residual tidal error of

3-4 cm.

The orbit of the satellite repeats its ground track every 9.9156 days (a nominal 10-

day qeat period). Along each altimeter ground track, aU the nqxat measurements wem

interpolated to a set of common ground points 6.2 km apart. After removing the temporal

mean sea level at each poin~ the sea level residuals were smoothed and subsampled every

5th point along the satellite ground track. The resulting data wem mapped globally to lox 1°

grids at 5 day intervals.

The mapping was performed using the objective analysis of J3retherton et al.

(1976). CentemxI on each grid poin~ a space-time window of 600 km and 40 days was

used to collect data for estimating the sea level at the grid point. A Gaussian covariance

function was used for both the sea level signal and the observation error. The e-folding

scale for the sea level signal was 300 km in space and 30 days in time. These scales were

chosen to repment a compmmise of a wide range of energy+ontaining  scales that varies

geographically. The magnitu& of the sea level signal assumed by the covariance function

for the mapping was 10 cm, a globally mpmentative value. The spatial scale for the

observation error was 15(X) km along the satellite track, reflecting the large scales of the

dominant errors from the uncertainties in the ti&s, orbi~ and sea-state effects. However,
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the error is assumed to be uncorrelated from track to track. The magnitude of the

observation error for the covariance function is estimated to be about 6 cm (the root-surn-

squares of 4.7 cm from altimetry and 3.5 cm from ti&s; see Fu et al., 1994). The resulting

error for the sea level estimate obtained from the objective mapping analysis is about 2 cm

with a scale about 1000 km, which was obtained as part of the mapping calculation.

Two additional data products are required to evaluate (l): wind and bathymetry.

The wind product of the National Meteodogical Center (NMC) model at 1000 mb was

converted to wind stress on a 2.5°x 2.5° grid at 12 hour intervals using a drag coefilcient

based on Liu et al. (1979). The wind stress data wem subsequent y smootkxl and

subsampled at the same 5 day interval as the altimeter data using a 10-day running average.

The bathymetry data wem obtained from the ETOP05 global elevation &tabase which is

available on a l/12°x 1/12° grid. The data were smoothed by a running averaging box of 2°

x 2° to provide a smoothed bathymetry that is affecting the large scale flow of interest. The

choice of the smoothing scale is based on the study of Koblinksy et al. (1989), who

reported that a smoothing scale of 175 km resulted in the best agreement with the theoretical

analysis based on the topographic Svedrup relation.

It is believed that sea level variations at seasonal and interannual time scales am

dominated by the bamclinic motions. To study the barotmpic variability which is expected

at shorter time scales, both the sea level and wind &ta am high-pass filtered to ntain only

the variabilities at scales shorter than seasonal. Because of the relatively short duration of

the data zwx+rds, we simply removed from the data an annual harmcmic plus a second-

de~ polynomial fit to the data instead of using mom sophisticated filters. Shown in

Figwe 1 are the variance-pmerving spectra (frequency times power densi~) of sea level

and wind stress curl at a selected site (45° N, 180° E). Plotted this way, the variance is
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proportional to the area under the spectrum. The focus of the present study is on the

energies at the intraseasonal regime from 20 to 100 days.

Since the bulk of the barotropic variability is expected primarily at spatial scales

much larger than 100 km, the balance of(1) was evaluated in terms of meal averages

performed for each term of(1) over areas of 10°x 10° in size centerwl on a 5° x 5° grid. At

smaller scales the energetic mesoscale eddies would mask the existence of any barotropic

variabilities. Due to the concern of tidal errors and other dynamical processes in shallow

coastal areas, areas which have depths less than 1000 m were excluded from the analysis.

The weal averaging has tiuced small-scale variabilities in both the wind and sea level data.

The correlation between the the resultant time series of the vorticity and the wind stress curl

is used to examine the validity of (l). Based on the Stokes Theorem, the a.mal integrals of

the wind stress curl term and the relative vorticity term of equation (1) wem evaluated as

contour integrals performed arwnd the perimeter of the ~ with the integrand being the

along-contour component of the wind stress for the former and the cross-contour

component of the horizontal gradient of the sea level f(x the latter. The planetq  vorticity

term was evaluated as the meridional integral of the zonal sea level differences across the

box. The areal integral of the topography term was performed via summation over finite

areal elements. To express the nmhs in unit of the time rate of vorticity change, sez-2, the

resultant value for each term of(1) was multiplied by g/f for the following discussions.

An estimate of the error in evaluating each term of (1) based on the procedures

described above is made. As noted above the relative vorticity term (the first term) is

evaluated as a line integral of the sea level gradient around the perimeter of each averaging

box. The emor in estimating the term is derived similarly, based on the fact that the mapped

sea level has an error of about 2 cm over a scale of 1000 km. With the Cm-iolis parameter

and its north-south gradient evaluated at a latitude of 45 degrees, the resulting error for the
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relative vorticity term is estimated about 0.5 x 10-14 see-2, based on a time scale of 10 days

(the error decreases with increasing time scale). The error for the planetary vorticity term

(the second term), evaluated similarly, is about 3 x 10”14 see-2. The regions where

significant correlations of vorncity with wind are found are places of relatively mild

variability in bottom topography with a slope of 104 to 10-3. Taking 0.5 x10-3 for the

bottom slope, the error for the topographic term is about 2 x 10-14 see-2. Assuming a 0.5

dyne error for the wind stress (for a 2 m/s speed error at wind speed of 7 m/s), the error for

the wind forcing term is about 1 x 10-14 sec‘2. As discussed below, these error estimates

me comparable to the signals within order of magnitude.

Results

The analysis described above was applied to all the deep oceans on a 5°x 5° grid. At

each grid poin~ a time series was generated for each term of (l). We first compamd the

magnitude of the forcing (the right-hand side of (1 )) to that of the vorticity budget (the lefl-

hand side of(l)). Shown in Figwe 2 is the ratio of the rms variability of the forcing to that

of the vorticity budge~ It is apparent that over most of the open ocean the wind stress curl

does not have sufficient energy to balance the vorticity budget at the scales considerd

Based on a 30-day decorrelation time scale, the Fisher’s F probability distribution (e.g.,

Jenkins and Watts, 1968) indicates that the rms ratio less than 0.7 is significantly different

from unity at 95 % confidence level. However, the estimation error for the vorticity is

probably larger than that for the wind stress curl (see the precedng section) by a factor of

2-3, making the significant ratio reduced to about 0.5.

There are only limited regions where the wind forcing has sufficient energy to

account for the vorticity variation. The regions within which the ratio is close to unity can
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only be found in the Northeast Pacific and the mid- and high-latitu& South Pacific. These

am the regions of large wind stress curl variability resulting from the prmmiling

atmospheric synoptic-scale storms. Shown in 13gum 3 is a map of the rrns variability of

the curl of (t/H), indicating that the latitudinal depen&nce in Figure 2 is mostly dictated by

the pattern of the wind foxing modified by the bottom topography. At lower latitudes, the

time scales of large scale baroclinic motions are shorter than their high latitude counterparts,

making the ba.rmmpic motions less detectable in the scale regime considenxl. Near the

equator (within about 3 degrees in latitude) (1) is obviously inadequate because of the

breakdown of the quasi-geostrophic approximation. At mid and high latitudes, the longer

time scales of the baroclinic motions and the larger wind stress curl provide favorable

conditions for the detection of the relatively fast barotropic response.

Within the regions where the wind forcing and the vorticity budget have compamble

magnitudes, the two sides of(1) are approximately balanced if they are positively

correlated Also shown in Figure 1 are the regions (20 of them) where them are significant

correlations (greater than 0.4 based on a 30 day decormlation scale and a 90 % contldence

level) between the wind foming and the vorticity, and in the mean time the ratio of the rms

wind variability to therms vorticity budget is greater than 0.33 (mostly greater than 0.5).

Only in these regions, predominantly in the northeast and southeast Pacific, is (1) in

approximate balance. Listed in Table 1 are various statistics associated with (1) for the 20

regions. The magnitudes of the various terms of (1 ) (the last 4 columns ) am evaluated as

the rms of the associated time series. Based on comparison to the error estimate discussed

in the preceding section, the signal-to-noise ratio for the vorticity estimate is on the oder

of unity, while the wind stress curl has a slightly higher signal-t~noise ratio. Figures 4

and 5 show the comparisons between the wind forcing and the vorticity budget at seltzted

regions in the North and the South Pacif3c, respectively. Despite the discqancies whose

magnitudes are consistent with the emor estimate, there is a visual correlation, especially at
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periods of 30-60 days. Shown in Figure 6 is the average coherence between the wind

stress curl and the vorticity budget for the six selected regions. The coherence is above the

95% confidence level with near-zxo phase at most periods longer than 20 days, the

Nyquist period for the altimetry observation.

A scale analysis of the individual vorticity terms on the left-hand side of (1)

indicates that the first term (the time rate of change) tends to be dominated by the second

and/or the third terms, as revealed in Table 1. Therefore the balance of (1 ) tends to be

achieved among the forcing and the advection of the planetary vorticity and/or the

topography-induced vorticity, cormponding  to the time-dependent topographic Svexdrup

balance. Displayed in Figure 7 are the time series ,of each term of (1 ) at a couple of

selected sites, clearly showing the dominance of the planetary vortkity  and the topographic

terms in balancing the wind forcing.

The topographic Sverdrup balance is not commonly observed in the ocean.

Koblinsky et al. (1989) examined observations from current meters in the deep oceanat31

sites in the North Pacific and found only a few of them showing evidence for the balance.

Most of these sites wem north of 35° N and within the regions where the present study

shows evidence for the balance (Figure 1). Cummins (1991) pointed out that it was

difficult to observe the balance using point measurements. Using a barot.ropic mm.n

model, he showed that the topographic Sverdrup balance emerged only after the vorticity

equation was averaged over periods longer than 40 days and spatial scales larger than about

400 km. Small scale variability generated by bottom topography makes the detection of the

topographic Sverdrup balance difficult in the velocity measurements made by individual

current meters.
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Dushaw et al. (1994) estimated barotropic currents and relative vorticity from a

triangular acoustical tomography array (about 1(XXI km on each side of the triangle)

centered around 38° N and 200° E. They found that the wind stress curl (based on the

Navy Fleet Numerical Oceanographic Center wind product) was too weak (by an order of

magnitude) to achieve the topographic Sverdrup balance. However, the present study

shows that the wind stress curl (based on the NMC product) in this region is suftlciently

strong to balance the vorticity budget and that the ccmelation  between the two is marginally

significan~

At low latitudes whete the wind stress curl is weak, it is apparent that the estimation

error in evaluating the vorticity budget exccds the magnitu& of the wind foxing. It is

thus possible that the appanmt failure of (1) is due to the estimation error instead of the

failure of the barotmpic dynamics. If this is true, namely, (1) is still valid when the wind

foming is we~ then significant correlations ought to be found among the various terms on

the left-hand side of (l), indicating the dominance of the homogeneous solutions to (l).

The left-hand side of(1) is then dominated by the residuals from imperfczt cancellations of

large terms. However, this is not the case. We have not found significant correlations

among the left-hand side terms in the low latitude regions. The results from Chao and Fu

(1995) who examined the simulation by an ocean general circulation model also indicate

that significant barotmpic motions are primarily located at mid and high latitudes where the

fonsing by wind stress curl is strong.

The results of the study am also dependent on the quality of the wind stress curl

calculated from the NMC winds. Because the focus of the study is on large scales, the

errors in the small scales, when the model winds are expected to be poor, do not affect the

calculation in a fundamental way. To verify this assumption to some exten~ we also

carried out the same calculations using the ERS- 1 wind product (provided by Tim Liu and
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Wendy Tang of JPL) during the period when it is available. This wind product was based

on a first guess field from the ECW (European Center for Medium-Range Weather

Forecast) winds, with ERS-1 observation blended in by a successive correction method

(Tripoli and Krishnamurti, 1975). The results are fairly similar to the ones based on the

NMC winds. A couple of examples am shown in Figure 8 for comparison to Figtue 4.

Then3fore, we feel that the large-scale wind stress curl derived from the NMC winds is not

significantly different fim the ERS-1 based result.

Concluding Discussions

The Esults of the pnxent study suggest that in most part of the open ocean, the

large-scale, low-frequency sea level variabilities with periods less than 1 ytar cannot be

fully described by the barotmpic vorticity equation given by (] ). l%e wind stress curl is

typically too weak to balance the vorticity budget. Although the estimation error for the

vorticity is not small, it does not appear to dominate the signal. There maybe other

dynamic processes at work at the scales examined resulting in sea level variabilities other

than those explained by the bamtropic response of the ocean to wind forcing. These are

probably large-scale bamclinic waves which have relatively short periods at low latitudes

(e.g., Le Traon and Minster, 1993; Jacobs et al, 1993). In regions of strong boundary

curxtmts such as the Kuroshio, the Gulf Stnxun, and the Brazi Wvinas Confluence

~gion, the dynamics of the large-scale variabilities are not well understood. The non-linear

interaction of the gyre with its boundary currents may create short-perid gyre-scale sea

level variations.
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In the few regions where the wind stress curl is strong enough to balance the

vorticity budget, pmxlominantly in the northeast Pacitlc and the southeast Pacific, the

balance is basically achieved in terms of the time-dependent topographic Sverdrup relation.

The results of the present study in the northeast Pacific are consistent with those of

Koblinsky et al. (1989), who reported the existence of the topographic Sverdrup balance

from a few deep current meter observations generally located in the same regions where the

present study suggests the same balance in the barotmpic vorticity equation. Using the

SeaSat scatterometer and altimeter dam Mestas-Nunez et al. (1992) showed that the South

Paciilc was approximately in a time-dependent Sverdrup balance over a 3 month period

without invoking the topographic effects. However, the present stuciy suggests that the

topographic effects are also important in that region.

Wunsch (1991) applied a multi-channel linear regression model to the Geosat sea

level observation and the NMC wind velocity in the North Pacific and North Atlantic. He

was able to relate the observed large-scale sea level variability to the wind velocity

variability empirically in the two oceans. The present study suggests that the dynamical

relationship between sea level and wind is not readily transparent in most of the oceans.

Frdy propagating barotropic Rossby waves are homogeneous solutions to (1). It

is difficult to detect them in the pmence of strong local wind forcing. Gaspar and Wunsch

(1989) and Jacobs et al. (1993) reported only marginal detection of free Rossby waves in

altimetric sea level observations. However, &tection of significant cohenmce between

deep current observations and remote wind forcing has been documental in many

investigations (Niiler et al., 1993; Brink, 1989; Samelson, 199Q Luther et al., 1990),

indicating the existence of h barotropic Rossby waves. The wavelengths of these waves

am generally shorter than 1000 km and not resolvable by the present analysis. ‘l%e periods
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for wavelengths longer than lCK.KI  km are generally less than 20 days and hence not

resolvable by the sampling scheme of TOPEX/POSEIDON.

Chao and Fu (1995) examined the bamtropic stream function of an ocean general

circulation model and found strong comlation with the intraseasonal large-scale sea level

variability. There are four regions whexe the sea level variability can be identified with

barotmpic motions: the central North Pacific north of 35° N, the southeast Pacific, the

southeast Indian Ocean southwest of Australia and the South Atlantic south of 35° S. The

present study suggests that part of these variabilities (the northeast Pacific and the southeast

Pacific in particular) can be described by the linear barotropic vorticity equation, but the

remaining of them seems to require a model with more complicated bamtropic dynamics.
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Figure Captions

Figure 1. Spectra for the sea level (solid line) and wind stress curl (dashed line) averaged

over a 10° x 10° box centered at 45° N and 180° E. The spectra are shown in a varaince-

preserving form (frequency times power density) in arbitrmy units.

Figure 2. Contours of the ratio of the rms variability of the wind stress curl to the rms

variability of the vorticity budget. The contours of 0.4 and 0.8 are shown in lines of

medium thickness, whereas the lines of maximum thickness delineate the boundaries within

which the analysis was performed. The shaded regions am those where the correlation

coefilcients between the vorticity budget and the wind stress curl is greater than 0.4 and the

ratio of therms vorticity budget to therms wind stress curl is greater than 0.33.

Figure 3. Contours of the rms viability of the CM1 of (~), the foxing te~ on tie fight-

hand side of (l). The unit is 10-13 see-2.

Figure 4. Time series of the vorticity budget (solid lines) and the wind stress curl (dashed

lines) for Regions #4, 9, 13, and 14 in the North Pacific. Refer to Table 1 for more

information.

Figure 5. Same as Figure 2 except for Regions # 5 and 17 in the South Pacific. Refer to

Table 1 for mom information.

Figure 6. Average coherence between the vorticity and the wind stress curl at the 6 sites

shwon in Figures 4-5. The amplitude is shown at the tc)p and the phase at the bottom. The

dashed line represents the 95 % confkknce level for non-zero cohenmce.

-19-



.

Figtue 7. The various terms of (l): the time rate of dative  vorticity (dotted), the planetary

vorticity (short dashed), the topography-inducxxi vorticity (long dashd), and the wind

foming (solid). (A) at 30 N, 220 E (@on #l 13 ). (B) at 45 N, 220 E (xvgion # 14)

Figure 8. Same as Figure 4 exeept that the wind stress is basal on the ERS-1

observations for Regions # 13 and 14. Compare to Figure 4.
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